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INTRODUCTION 

Most s t u d i e s  on aromatics f o r m a t i o n  i n  f l a m e s  have  been  c o n c e n t r a t e d  
on sma l l  f u e l  molecules1-6.  On t h e  o t h e r  hand,  p r a c t i c a l  combus t ion  
sys t ems  s u c h  a s  a u t o m o t i v e  o r  a i r p l a n e  e n g i n e s  b u r n  hydroca rbon  f u e l s  
c o n t a i n i n g  s e v e n  t o  f o u r t e e n  ca rbon  a toms .  Moreover ,  the  few k i n e t i c  
s t u d i e s  on  t h e  combus t ion  o f  l i q u i d  f u e l s  have  b e e n  o y i e n t e d  t o w a r d s  
knock phenomenon a n d  have  been  c o n d u c t e d  i n  a t e m  e r a t u r e  r a n g e  ( l o w e r  

a r e  formed a t  h i g h e r  t e m p e r a t u r e ,  a n d  t o  improve knowledge on 
f o r m a t i o n  o f  these p o l l u t a n t s  i n  p r a c t i c a l  s y s t e m s ,  there i s  a n e e d  
f o r  e x p e r i m e n t a l  a n d  m o d e l l i n g  s t u d i e s  on f l a m e s  of l a r g e  f u e l  
mo lecu le .  

A few y e a r s  ago ,  w e  s t a r t e d  b o t h  e x p e r i m e n t a l  and m o d e l l i n g  s t u d i e s  on 
r i c h  p remixed  k e r o s e n e  flames. S i n c e  k e r o s e n e  i s  a complex m i x t u r e  
w i t h  a l k a n e s  as major components,  t h e  s t r u c t u r e  o f  a n e a r  s o o t i n g  
decane flame ( e q u i v a l e n c e  r a t i o  1 . 9 )  was s t u d i e d  f i r s t  and w e  
deve lopped  a k i n e t i c  model which p r e d i c t e d  the  mole f r a c t i o n  p r o f i l e s  
o f  s p e c i e s  i n v o l v e d  i n  t h e  f o r m a t i o n  of benzene  w i t h  a good a c c u r a c y 9 .  

I n  t h i s  work w e  p r e s e n t  t h e  r e s u l t  of t e m p e r a t u r e  and mole f r a c t i o n  
measurements i n  s o o t i n g  k e r o s e n e  and  d e c a n e  f l a m e s .  R e s u l t s  show t h a t  
f o r  a l l  s p e c i e s  e x c e p t  benzene  t h e r e  is  a c l o s e  s i m i l a r i t y  between t h e  
two f l a m e s  s o  t h a t  t h e  k i n e t i c  mechanism d e r i v e d  f o r  d e c a n e  is  a l s o  
v a l i d  f o r  m o d e l l i n g  k e r o s e n e  combus t ion  w i t h  o n l y  one change  
c o n c e r n i n g  b e n z e n e  f o r m a t i o n .  A specif ic  s t u d y  was c a r r i e d  o u t  t o  
i d e n t i f y  an  a d d i t i o n a l  s o u r c e  f o r  a r o m a t i c s  f o r m a t i o n  i n  k e r o s e n e  
f l ames .  

EXPERIMENTAL 

The premixed s o o t i n g  ke rosene  f l ame  ( 8 . 0 %  k e r o s e n e ,  5 6 . 4 %  oxygen,  
3 5 . 6 %  a r g o n )  was s t a b i l i z e d  on a f l a t  f l a m e  b u r n e r  a t  low p r e s s u r e  ( 6  
k P a ) .  I f  k e r o s e n e  was decane ,  t h i s  c o r r e s p o n d s  t o  an e q u i v a l e n c e  r a t i o  
o f  2 . 2 .  Gas v e l o c i t y  a t  b u r n e r  e x i t  was 24 cm/s .  A decane-02-Ar f l a m e  
w i t h  t h e  same i n i t i a l  compos i t ion  was s t a b i l i z e d  and  a n a l y z e d  i n  
i d e n t i c a l  c o n d i t i o n s .  Tempera tu re  and mole f r a c t i o n  p r o f i l e s  were 
measured a l o n g  t h e  symmetry a x i s .  M o l e c u l a r  beam mass s p e c t r o m e t r y  
t e c h n i q u e  w a s  u s e d  f o r  species a n a l y s i s  and P t - P t  1 0 %  Rh t h e r m o c o u p l e s  
f o r  t e m p e r a t u r e  measurements  (wires d i a m e t e r  50  p m ) .  C o a t i n g  w i t h  
BeO/Y203 p r e v e n t e d  c a t a l y t i c  e f f e c t s ,  and  h e a t  l o s s e s  d u e  t o  r a d i a t i o n  
were compensa ted  b y  e lectr ical  h e a t i n g .  I d e n t i f i c a t i o n  o f  s p e c i e s  a n d  
c a l i b r a t i o n  of t h e  mass s p e c t r o m e t e r  h a v e  been  d e s c r i b e d  
e l sewere lo ,  11. 

A G i l s o n  pump m a n u f a c t u r e d  f o r  L i q u i d  Chromatography was u s e d  t o  
c o n t r o l  the  f l o w  r a t e  of k e r o s e n e .  The f u e l  was f i r s t  a tomized  by 
d r a g g i n g  t h r o u g h  a small o r i f i c e  by a h i g h  p r e s s u r e  a r g o n  je t  and t h e n  
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t h a n  1000K) where p e r o x i d e s  f o r m a t i o n  domina te s7 ,  P . Aromat i c s  and s o o t  
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vaporized in a heated chamber. Adjustment of atomizer and vaporizer 
temperature was rather critical. Temperature had to be maintained 
between 170'C and 2OO'C to prevent fuel condensation or 
polymerization, respectively. 

RESULTS 

In a previous study on the modelling of acetylene flames, the 
formation of the first aromatic rings was described by acetylene 
addition to C4 species : 

C4H5 + C2H2 --- > C6Hg + H (1) 
C ~ H ~  + c2n2 --- ' 'gH5 (2)  

Kinetic parameters for these reactions were taken from Westmoreland12. 
The mechanism for rich decane flames was built upon addition o the 

ability of the mechanism to predict aromatic formation depends 
strongly on the accuracy of the modelling of C4 species and their 
precursors : C2H4 and C2H2. Maximum mole fraction measured for the 
major molecular and active species, and for the species involved i n  
aromatics formation, in. the kerosene and decane flames have been 
compared in Table I. 

Slight differences are observed for some species. They were not 
considered as significant but rather due to a lower accuracy of the 
measurements in the kerosene flame where very low electron energies 
were used to prevent fragmentations of the fuel components. However 
the maximum mole fraction for benzene in the kerosene flame exceeds by 
one order of magnitude the maximum measured in the decane flame. 

This point deserved attention and a specific comparative study on the 
formation of benzene and two others aromatic species : phenyl 
acetylene and vinyl benzene in decane and kerosene flames was 
undertaken. To check the possibility of a change in the mechanism for 
aromatics formation described above, acetylene was measured as well. 

acetylene mechanism of a few reactions for decane consumption 5 . The 

Aromatics formation in kerosene and decane flames 

Detailed analysis of the structure of one flame is time-consuming and 
this study was limited to signal measurements. On the other hand, they 
were repeated for many flames with equivalence ratio in the range 1.0 
- 2.5.  Change in fuel composition have been done keeping constant both 
the overall and the argon flowrates. Gas velocity at the burner exit 
was 27.5 cm/s (at 298K and 6.0 kPa). 

Figure 1 shows that the maximum mole fraction of acetylene in decane 
flames is slightly greater than in kerosene flames. In both flames, a 
linear increase is observed for equivalence ratios above 1.6. 

Benzene measurements have been performed with an electron energy 
adjusted to 13 eV. For kerosene flames a second determination has been 
done with an electron energy of 11 eV to check the occurrence of 
fragmentations in the ionization source of the mass spectrometer. A 
similar result (linear variation of the maximum signal with the 
equivalence ratio) is obtained in both cases, so that we can conclude 
that measurements of the benzene signal are free from fragmentation 
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effects  ( F i g u r e  2 ) .  E x t r a p o l a t i o n  of  t h e  s i g n a l  g i v e s  a n u l l  v a l u e  f o r  
an  e q u i v a l e n c e  r a t i o  e q u a l  t o  0 . 8 .  

Measurements i n  t h e  decane  f l ame  c o n f i r m  t h a t  benzene  is formed i n  
lower  c o n c e n t r a t i o n  t h a n  i n  k e r o s e n e  f l a m e s .  The r a t i o  i s  a b o u t  1 0  f o r  
a n  e q u i v a l e n c e  r a t i o  of  2 . 0 .  A s e c o n d  d i f f e r e n c e  w i t h  k e r o s e n e  f l a m e s  
i s  obse rved  f o r  t h e  v a r i a t i o n  o f  t h e  maximum s i g n a l  w i t h  t h e  
e q u i v a l e n c e  r a t i o ,  t he  exponen t  i n  a l a w  [ C G H ~ ]  = f (0) b e i n g  g r e a t e r  
t h a n  1. 

The c u r v e s  p l o t t e d  i n  f i g u r e  2 show t h a t  benzene  f o r m a t i o n  r e s u l t s  
f rom two d i f f e r e n t  mechanism i n  decane  and  k e r o s e n e  f l a m e s .  I n  t h e  
fo rmer ,  benzene  is formed by r e a c t i o n s  (1) and  ( 2 )  s o  t h a t  t h e  s i g n a l  
i s  p r o p o r t i o n a l  t o  a c e t y l e n e  and e i t h e r  C4H3 o r  C 4 H 5 .  S i n c e  i n  t u r n ,  
C 4  s p e c i e s  are  formed f rom a c e t y l e n e ,  benzene  dependence  w i t h  [ C 2 H 2 ] *  
must be o b s e r v e d .  The dashed  l i n e  i n  f i g u r e  2 c o r r e s p o n d s  t o  t h e  
v a r i a t i o n  w i t h  0 of  t h e  e x p r e s s i o n  k[C2H l 2  w i t h  t h e  c o n s t a n t  k 
a d j u s t e d  s o  t h a t  t he  v a l u e  c a l c u l a t e d  f o r  d = 2 . 4  c o i n c i d e  w i t h  t h e  
s i g n a l  measured  f o r  benzene .  These  two c u r v e s  r ema ins  v e r y  c l o s e  ove r  
t h e  whole r a n g e  of  e q u i v a l e n c e  r a t i o s .  ( [ C 2 H 2 ]  r e p r e s e n t s  t h e  maximum 
s i g n a l  measured  f o r  a c e t y l e n e ) .  

I n  k e r o s e n e  f l a m e s ,  t h e  l i n e a r  v a r i a t i o n  of  t h e  benzene  s i g n a l  w i t h  
(0 - 0,) shows t h a t  t h e  a r o m a t i c s  components o f  t h e  f u e l  c o n t r i b u t e  

d i r e c t l y  t o  benzene  f o r m a t i o n .  The p r o c e d u r e  a d o p t e d  t o  change  t h e  
e q u i v a l e n c e  r a t i o  of t h e  flames ( c o n s t a n t  v a l u e s  o f  o v e r a l l  an  a rgon  
f l o w r a t e s )  leads t o  t h e  f o l l o w i n g  r e l a t i o n s h i p  be tween d e c a n e  f l o w r a t e  
and  0 : 

(Fd, Fo, FAr r e p r e s e n t s  r e s p e c t i v e l y  decane ,  o v e r a l l  
f l o w r a t e s )  . 
S i n c e  2 ( 0  - 0,) i s  s m a l l  compare t o  31, t h i s  e x p r e s s i o n  
l i n e a r  v a r i a t i o n  f o r  Fd w i t h  (0 - 0,) 

and a rgon  

p r e d i c t s  a 

Phenyl  a c e t y l e n e  a n d  v i n y l  benzene  s i g n a l s  c o r r e s p o n d  a s  w e l l  t o  
d i f f e r e n t  s o u r c e s  f o r  a r o m a t i c s .  I n  decane  f l ames ,  t h e s e  two s p e c i e s  
are n o t  o b s e r v e d  f o r  e q u i v a l e n c e  r a t i o s  lower  t h a n  1.5, w h i l e  a marked 
i n c r e a s e  i n  t h e  s i g n a l  i s  o b s e r v e d  f o r  r i c h e r  f l ames  ( F i g u r e  3 ) .  S i n c e  
t h e s e  s p e c i e s  are formed by a d d i t i o n  of  a c e t y l e n e  t o  benzene  o r  phenyl  
r a d i c a l  we h a v e  p l o t t e d  t h e  v a r i a t i o n  o f  t h e  e x p r e s s i o n  k[C6H6] [ C 2 H  1 
v e r s u s  0. H e r e  a g a i n ,  t h e  v a l u e  o f  t h e  c o n s t a n t  k w a s  a r b i t r a r i l y  
a d j u s t e d  i n  o r d e r  t o  match  e i t h e r  t h e  pheny l  a c e t y l e n e  o r  t h e  v i n y l  
benzene  s i g n a l  a t  0 = 2 . 4 .  The same compar ison  i n  k e r o s e n e  f l ames  
l e a d s  t o  v a l u e s  d e r i v e d  from [ C s H g ]  and  [ C 2 H 2 ]  l ower  t h a n  t h e  
e x p e r i m e n t a l  s i g n a l  when 0 i s  c l o s e  t o  1 . 0  ( F i g u r e  4 ) .  E x p r e s s i o n s  
b a s e d  on t h e  p r o d u c t  of t h e  r e a c t a n t s  s i g n a l s  g i v e  o n l y  an  uppe r  l i m i t  
f o r  t h e  f o r m a t i o n  o f  a g i v e n  s p e c i e s  s i n c e  consumpt ion  i s  n o t  t a k e n  
i n t o  a c c o u n t .  T h e r e f o r e ,  from t h e  r e l a t i v e  p o s i t i o n s  of  t h e  
e x p e r i m e n t a l  p o i n t s  and t h e  dashed  cu rve ,  we can  c o n c l u d e  t h a t  phenyl  
a c e t y l e n e  and  v i n y l  benzene  measured  i n  . s t o i c h i o m e t r i c  o r  s l i g h t l y ,  
r i c h  k e r o s e n e  f l a m e s  r e s u l t  from t h e  a r o m a t i c  components of  t h e  f u e l .  

Benzene f o r m a t i o n  i n  k e r o s e n e  f l a m e s  
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This comparative study clearly shows that consumption reactions of at 
least one aromatic species must be added to the decane mechanism to 
predict the structure of rich kerosene flames. Tri-methylbenzene is 
the main aromatic species in the kerosene that was used in this work. 
However, to simplify both the mechanism and the search for kinetic 
data, the aromatic part of kerosene was considered as toluene and the 
following reactions were considered to describe its consumption : 

C7H8 t H ---> C7H7 + H2 1.24 l o i 4  0.0 35.10 (3) 

C7H8 + H ---> CsH6 + CH3 3.50 loi3 0.0 15.50 ( 5 )  

C,H7 t O2 ---> CsHs + Prod. 1.00 1013 0.0 0.00 (7) 

Kinetic data f o r  these reactions have been taken from Rao and 
Skinneri3. 

Modelling of kerosene flames 

These five reactions have been added to the mechanism validated 
previously for decane combustiong. Simulation of the kerosene flame 
has been performed with a fuel composition of 10% toluene and 90% 
decane. Warnatz's computation code was used with the experimental 
temperature profile as input data, so that the energy equation was 
neglected. Temperature profiles were measured by moving the burner in 
the vertical direction. The thermocouple was kept at a fixed position, 
close to the quartz cone tip, in order to take into account flame 
perturbation by the cone. The measurements have been repeated for 
various distance (d) between the thermocouple bead and the cone tip 
(Figure 5). In the burned gases only a cooling effect is observed, 
while in the main reaction zone, flame attachment shifts the profiles 
towards larger distance from the burner surface. No one profile is 
representative of the gas sampling conditions in the whole flame : 
profiles with very small d correspond to the temperature evolution for 
sampling close to the burner surface, while profiles with large d give 
a better description of the temperature history for a gas sample taken 
far from the burner. In this work, the profile measured with d = 3 mm 
was chosen as the best compromise between these extreme situations. 

The SANDIA thermodynamic data base14 has been used for species 
involved in H2, CI and C2 submechanisms and Burcat's datal5 for decane 
and toluene combustion reactions. 

Simulated mole fraction profiles are compared to the experimental ones 
for the reactants, the main products, and species involved in the 
formation of aromatics from the alkane part of the fuel (Fig. 6 - 9 ) .  I n  
figure 10, prediction of the mole fraction profile is compared to 
experimental results for a decane and a kerosene flame. This figure 
shows that in the latter, benzene results mainly from the aromatic 
part of the fuel. This contribution can be modelled with a good 
accuracy by addition to the mechanism of a few reactions for the 
consumption of one aromatic. 

c7n7 + H ---> C,H~ 9.00 1013 0.0 0.00 ( 4 )  

ClH8 ---> C3H3 + C4H4 4.00 0 . 0  424.30 (6) 

; , (( 

. . I  CONCLUSION 
, 

, I  This work was concerned with the formation of aromatics in kerosene 
. : i t ,  flames. In previous studies we checked the possibility to substitute 

, . decane to kerosene to Perform modelling in simpler conditions. Results 
/ '  , ., showed that structure of decane and kerosene flames are similar except 
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for benzene that is formed in larger amount in kerosene flames. A 
specific study based on the systematic measurement of acetylene, 
benzene, phenyl acetylene and vinyl benzene in decane and kerosene 
flames was carried out. Variation of the maximum signal with the 
equivalence ratio leads to the conclusion that the aromatic part of 
kerosene is the main source Of aromatics, while it is the addition of 
acetylene to C4 radicals in the decane flame. This difference was 
taken into account by addition of a few reactions for the consumption 
of toluene to the decane combustion mechanism used so far. This change 
leads to predictions in good agreement with the experimental mole 
fraction profiles in decane and kerosene flames. 
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Decane-02-Ar Kerosene-02-Ar 
flame flame 

co 3.4 10-1 2.9 10-1 
3.0 10-1 2.4 10-1 
2.3 10-1 3.0 lo-' 
6.0  7.0 

5.3 10-2 1.7 

H20 
H2 

8.9 10-3 1.2 10-3 
co2 

OH 2.7 10-4 3.7 10-4 

6 1 3.9 10-2 
1.8 10-3 

5.9 10-4 1.1 10-3 
3 3 10-5 1.0 10-4 

2.2 10-3 

H 

C2H4 

C4H2 C2H2 114 10-3 

C4H5 1:2 10-4 
C4H4 

'sH6 
Table I 

Comparison of the maximum mole.fraction in decane and kerosene flames 
(equivalence ratio : 2.2, pressure : 6 kPa). 

Figure 1 
Evolution with 

the equivalence ratio 
of the maximum aignal of CZHZ 

Figure 2 
Evolution with 

the equivalence ratio 
of the maximum signal of CsHs 
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Decane flames 
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Figure 4 
Kerosene flames 

Figure 5 Figure 6 
Temperature profiles 

in a 0 - 2.2 Kerosene-02-Ar flame Comparison of experimental (points) 
and simulated (curves) 
mole fraction profiles 

0 - 2.2 Kerosene-02-Ar flame 
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Figure 7 
Comparison of experimental (points) 

and simulated (curves) 
mole fraction profiles 

0 = 2 . 2  Kerosene-02-Ar flame 
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Figure 8 
Comparison of experimental (points) 

and simulated (curves) 
mole fraction profiles 
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Figure 9 Figure 10 
Comparison of experimental (points) Comparison of experimental (points) 

and simulated (curves) and simulated (curves) 
mole fraction profiles mole fraction profiles 
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